A current hot topic in polymer science is the development of electromagnetic wave-absorbing materials with desired properties (i.e., proper impedance matching and strong attenuation capability), but it presents a considerable challenge. In this work, solvothermal, and self-assembled polymerization were employed for the controlled fabrication of a uniform polypyrrole (PPy) aerogel coated on hollow CuS hierarchical microspheres (CuS@PPy). The PPy coating thickness of the heterostructure could be tuned by varying the feeding weight ratios of CuS/pyrrole monomer. The electromagnetic wave absorption properties of the CuS@PPy composites were estimated to be in the frequency range 2-18 GHz. The as-prepared Sample B (fabricated by the addition of 35 mg CuS) showed a maximum reflection loss (RL) of −52.85 dB at a thickness of 2.5 mm. Moreover, an ultra-wide effective bandwidth (RL ≤ −10 dB) from 9.78 to 17.80 GHz (8.02 GHz) was achieved. Analysis of the electromagnetic properties demonstrated that the CuS@PPy had a remarkable enhancement compared to pure CuS platelet-based spheres and pure PPy, which can be attributed to the increased relatively complex permittivity and the promoted dielectric loss by the intense interfacial dielectric polarizations. We believe that the as-fabricated CuS@PPy can be a good reference for the fabrication of lightweight and optimal broadband absorbers.
Introduction
In recent years, reported information leaks as well as physiological damage to human bodies have brought considerable attention to electromagnetic irradiation [1] [2] [3] [4] [5] [6] . Electromagnetic absorbers are a kind of functional material that can eliminate electromagnetic waves (EMWs) by converting their energy into thermal energy [7] [8] [9] . In general, the accepted requirements always include strong absorbing intensity, wide bandwidth, lightweight, and low cost [10] . In this regard, extensive studies have been done to develop excellent absorbers. Traditional ferromagnetic metals, including Fe 3 O 4 [11, 12] , Co [13, 14] , NiO [15] , and Fe [16] , have been demonstrated to have promising attenuation capabilities. However, these materials are susceptible to corrosion, and have high density as well as insufficient absorption bandwidth [17] . To date, carbon-based materials such as carbon fibers (CFs) [18, 19] , carbon nanotubes (CNTs) [20, 21] , porous carbon spheres [22] , and graphene or reduced graphene oxide (RGO) [23] [24] [25] have been selected as promising absorber candidates due to their high dielectric loss and low density [4] . However, the high conductivity of pure carbon materials always induce an eddy current effect as well intensified interfacial polarization. The results show that CuS@PPy microspheres have an impressive EA capacity.
Materials and Methods

Materials
All chemicals were used directly without any further purification. Pyrrole (Py) monomer, copper sulfate pentahydrate (CuSO 4 ·5H 2 O) and cetyltrimethyl ammonium bromide (CTAB) were purchased from GENERAL-REAGENT, Titan Scientific Co., Ltd., Shanghai, China. Sulfur powder (S), ferric chloride hexahydrate (FeCl 3 ·6H 2 O), and ethylene glycol (EG) were purchased from Shanghai Sinopharm Chemical reagent Co. Ltd., Shanghai, China. Deionized water was obtained from Direct-Q3 UV, Millipore (Burlington, MA, USA).
Synthesis of Hollow Hierarchical CuS Microspheres
Hollow hierarchical CuS microspheres were prepared via a facile solvothermal method as reported previously [34] . In a typical procedure, 0.001 mol CuSO 4 ·5H 2 O was first well-dispersed in EG (30 mL) under sonication for 0.5 h. Then, 0.001 mol CTAB which was well-dispersed in EG (30) was stepwise injected into the solution. After vigorous magnetic stirring for 0.5 h, 0.002 mol sulfur powder was introduced to the above mixture and kept stirring for 0.5 h. Then, the mixture was transferred into a Teflon-lined stainless-steel autoclave (100 mL capacity). Subsequently, upon sealing, the autoclave was maintained at 160 • C for 15 h. After cooling down to room temperature, the precipitate was centrifuged and rinsed with deionized water and absolute ethanol and dried in a vacuum oven at 40 • C for 12 h.
Synthesis of Core-Shell Structured CuS@PPy Microspheres
Briefly, a certain amount of as-prepared CuS microspheres and 0.33 g Py monomer were well-dispersed in 100 mL ethanol under magnetic stirring for 0.5 h, denoted as the solution A. Then, 3.1 g FeCl 3 ·6H 2 O was dissolved in 100 mL ethanol via continuous magnetic stirring for 0.5 h (denoted as the solution B). Subsequently, the solution B was added dropwise to the solution B with rapid stirring. The resulting solution became black and was kept stirring for 20 h. The precipitate was filtered, washed, and dialyzed several times with deionized water and ethanol to remove impurities, and then dried at 40 • C for 12 h. For convenience, the CuS@PPy microspheres synthesized with different amounts of CuS microspheres (i.e., 25, 35, and 45 mg), were denoted as Samples A, B, and C, respectively.
Characterization and Measurement
The crystal structures of the as-prepared samples were analyzed with an X-ray diffractometer (XRD, D8-Advance, Bruker, Germany). The morphologies of samples were characterized by field emission scanning electron microscopy (FE-SEM, Hitachi S-4800, 3 kV) and high-resolution transmission electron microscopy (TEM, JEOL JEM-2100F). X-ray photoelectron spectra (XPS) were recorded using an ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The relative complex permittivity (ε r ) and permeability (µ r ) were measured by a vector network analyzer (VNA, N5242A PNA-X, Agilent, Agilent Technologies Inc., Santa Clara, CA, USA) in the 2-18 GHz range using the coaxial measurement method. The mixture was then pressed into toroidal samples with an outer diameter of 7.00 mm and inner diameter of 3.04 mm. According to the transmission line theory, the theoretical RL of the heterostructures with different thicknesses can be calculated using the relative complex permittivity and permeability at a given frequency by the following equations [37] [38] [39] [40] :
where is Z in is the input characteristic impedance of the absorber, c is the velocity of light in vacuum in m/s, f is the electromagnetic wave frequency in Hz, d is the thickness in meter (m), Z 0 = 376.7 Ω is the intrinsic impedance of free space, µ r is the complex permeability, µ r = µ − jµ", and ε r is the complex permittivity, ε r = ε − jε".
Results
Sample Characterization
The crystal structures of the synthesized samples were investigated by XRD, and the corresponding patterns are shown in Figure 1 (pristine CuS and Sample B) and Figure S1 (Sample A and C). For the pristine CuS, the diffraction peaks were consistent with the values from the standard card of JCPDS Card No: 0464. Because of the high purity and crystallinity of the samples, no additional peak could be observed. PPy showed an amorphous structure as indicated by the broad XRD pattern around 20-30 • . Note that the intensity of CuS diffraction peaks became weak with increasing PPy aerogel coating because of the increasing coating covering the CuS surface on the shell of the microspheres, and also due to the high amorphous nature. The chemical compositions were also characterized by XPS, and the results are shown in Figure 2 , indicating the presence of C and N elements. It is well-known that XPS is a surface-sensitive quantitative spectroscopic technique. Its penetration depth is less than 10 nm, so no Cu or S elements could be detected. From this respect, it could also be proved that the CuS microspheres were uniformly coated by the PPy aerogel. 
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Electromagnetic Absorption Property
Herein, the coaxial line method is performed primarily to measure the complex relative permeability (μr = μ′ − jμ″) and permittivity (εr = ε′ − jε″) of the samples in the frequency range of 2-18 GHz, and the results are shown in Figure 6 . Generally, the values of ε′ and μ′ represent the energy storage and inner dissipation capability of the incident electromagnetic wave, respectively [24, 34, 43] . The high values of ε′ and ε″ also indicate high storage capability and dielectric loss. In this study, owing to the absence of magnetic constituents in the composites, the values of μ′ and μ″ were all close to 1.0 and 0.0 [44] . All of the samples displayed in Figure 6 presented typical frequency-dependent permittivity. The values of ε′ and ε′′ decreased when the frequency increased in 2-18 GHz, which agrees with other reports. The increment can be attributed to the increase in the dipolar polarization and electrical conductivity due to the increasing loading ratio of the dielectric samples. Under the same filler loading ratio, the CuS@PPy samples showed a significant increase in comparison with the pristine CuS microspheres. All three of these samples displayed much larger ε′ and ε″ values, indicating high efficiency in storing and dissipating the electrical energy [45] . 
Herein, the coaxial line method is performed primarily to measure the complex relative permeability (µ r = µ − jµ") and permittivity (ε r = ε − jε") of the samples in the frequency range of 2-18 GHz, and the results are shown in Figure 6 . Generally, the values of ε and µ represent the energy storage and inner dissipation capability of the incident electromagnetic wave, respectively [24, 34, 43] . The high values of ε and ε" also indicate high storage capability and dielectric loss. In this study, owing to the absence of magnetic constituents in the composites, the values of µ and µ" were all close to 1.0 and 0.0 [44] . All of the samples displayed in Figure 6 presented typical frequency-dependent permittivity. The values of ε and ε decreased when the frequency increased in 2-18 GHz, which agrees with other reports. The increment can be attributed to the increase in the dipolar polarization and electrical conductivity due to the increasing loading ratio of the dielectric samples. Under the same filler loading ratio, the CuS@PPy samples showed a significant increase in comparison with the pristine CuS microspheres. All three of these samples displayed much larger ε and ε" values, indicating high efficiency in storing and dissipating the electrical energy [45] .
The calculated RL curves of the pristine CuS microspheres and the various CuS@PPy samples with different thicknesses as well as different filler loading ratios are shown in Figure S2 and Figure 7 . In addition, the corresponding contour maps of RL of the CuS@PPy samples are displayed in Figure 8 . The optimal RL peaks all shifted toward a lower frequency with increasing thickness. This phenomenon can be interpreted from the fact that the formation of quarter-wavelength attenuation requires the absorbing thickness to meet the phase matching conditions, which can be recorded as t m = nc/(4f m |ε r ||µ r |) (n = 1, 3, 5, . . . ) [28] , where c is the velocity of light in vacuum in m/s, ε r = ε − jε". t m represents the matching thickness in m while f m represents the peak frequency in Hz. In Figure S2 , it can be seen that the pristine CuS exhibited poor RL characteristics, hardly less than −10 dB in the thickness range of 1.5-4.0 mm. When the ratio increased to 30 wt %, the minimum RL value reached −20.75 dB, but the effective bandwidth is merely 2.36 GHz, which hardly meets the requirements of an ideal absorber. This is because the relatively low dielectric constant results in poor impedance matching and weak attenuation capability. In view of Figure 7 , it can be concluded that the EA performance of CuS@PPy samples was substantially enhanced relative to the pristine CuS microspheres. For Sample A, the best EA performance was achieved when the filler loading ratio was 15 wt %. From the dielectric parameters shown in Figure 6 , it should be noted that the dielectric constants were too high with the increasing filler loading ratio-the higher concentration in these materials led to opposite EA properties. Such high permittivity could result in poor impedance matching, and the electromagnetic waves were reflected at the surface rather than penetrating into the absorbing materials. In Figure 7d , Sample B with a loading of only 10 wt % even showed a relatively strong attenuation capability. The minimum RL value was around −30 dB with the thickness of 4.0 mm, and the corresponding effective bandwidth was 6.01 GHz. The efficient frequency bandwidth is essential for practical application, and such a broad effective bandwidth makes this material more competitive. When the filler loading ratio reached 15 wt %, the minimum RL reached −52.86 dB with the thickness of 2.5 mm, and the broadest effective bandwidth was achieved when the thickness was 3.0 mm. A corresponding effective bandwidth from 9.78 to 17.80 GHz (8.02 GHz) was obtained. Such a broad bandwidth is better than is seen in numerous existing electromagnetic absorbers which have been reported previously. With the increasing filler loading ratio, the complex permittivity increased while the characteristic of impedance matching decreased, thus resulting in the deterioration of the EA performance. It can be concluded that the enhanced EA performance can be ascribed to the intensified polarization of the CuS@PPy core-shell interface and that a proper PPy shell thickness is also essential for maximizing the interface effect. The calculated RL curves of the pristine CuS microspheres and the various CuS@PPy samples with different thicknesses as well as different filler loading ratios are shown in Figure S2 and Figure  7 . In addition, the corresponding contour maps of RL of the CuS@PPy samples are displayed in Figure  8 . The optimal RL peaks all shifted toward a lower frequency with increasing thickness. This phenomenon can be interpreted from the fact that the formation of quarter-wavelength attenuation requires the absorbing thickness to meet the phase matching conditions, which can be recorded as tm = nc/(4fm | || |) (n = 1, 3, 5, …) [28] , where c is the velocity of light in vacuum in m/s, εr = ε′ − jε″. tm represents the matching thickness in m while fm represents the peak frequency in Hz. In Figure S2 , it can be seen that the pristine CuS exhibited poor RL characteristics, hardly less than −10 dB in the thickness range of 1.5-4.0 mm. When the ratio increased to 30 wt %, the minimum RL value reached −20.75 dB, but the effective bandwidth is merely 2.36 GHz, which hardly meets the requirements of an ideal absorber. This is because the relatively low dielectric constant results in poor impedance matching and weak attenuation capability. In view of Figure 7 , it can be concluded that the EA performance of CuS@PPy samples was substantially enhanced relative to the pristine CuS microspheres. For Sample A, the best EA performance was achieved when the filler loading ratio was 15 wt %. From the dielectric parameters shown in Figure 6 , it should be noted that the dielectric constants were too high with the increasing filler loading ratio-the higher concentration in these materials led to opposite EA properties. Such high permittivity could result in poor impedance matching, and the electromagnetic waves were reflected at the surface rather than penetrating into the absorbing materials. In Figure 7d , Sample B with a loading of only 10 wt % even showed a relatively strong attenuation capability. The minimum RL value was around −30 dB with the thickness of 4.0 mm, and the corresponding effective bandwidth was 6.01 GHz. The efficient frequency bandwidth is essential for practical application, and such a broad effective bandwidth makes this material more competitive. When the filler loading ratio reached 15 wt %, the minimum RL reached −52.86 dB with the thickness of 2.5 mm, and the broadest effective bandwidth was achieved when the thickness was 3.0 mm. A corresponding effective bandwidth from 9.78 to 17.80 GHz (8.02 GHz) was obtained. Such a broad bandwidth is better than is seen in numerous existing electromagnetic absorbers which have been reported previously. With the increasing filler loading ratio, the complex permittivity increased while the characteristic of impedance matching decreased, thus resulting in the deterioration of the EA performance. It can be concluded that the enhanced EA performance can be ascribed to the intensified polarization of the CuS@PPy core-shell interface and that a proper PPy shell thickness is also essential for maximizing the interface effect. One important constant determining the attenuation properties of the absorbers is the attenuation constant (α), which can be determined as follows [37, 46] :
where c is the velocity of light in a vacuum. The impedance matching ratio Z (|Zin/Z0|) is another One important constant determining the attenuation properties of the absorbers is the attenuation constant (α), which can be determined as follows [37, 46] :
where c is the velocity of light in a vacuum. The impedance matching ratio Z (|Z in /Z 0 |) is another important factor for judging the EA properties [4] . The detailed attenuation constants as well as the Z values of theses samples are displayed in Figure 9 . From the results, it can be concluded that a high imaginary permittivity will cause the high value of α. The attenuation abilities of the core-shell-structured CuS@PPy samples were relatively higher than the pristine CuS in same filler loading ratio because of the elevated imaginary permittivity. In Figure 9b , pristine CuS (15 wt %) had the optimal impedance matching ratio because of the lowest complex permittivity [47] . On the contrary, the worst impedance matching ratio and the highest α value of Sample A (20 wt %) mainly resulted from its comparatively highest complex permittivity, which can be proved by the analysis in Figure 6 . Attenuation capability and impedance matching are two key factors which should be considered to realize optimal EA materials [48] . Therefore, Sample B and Sample C, which had moderate attenuation constant values and impedance matching ratios can be deduced as qualified electromagnetic absorbers.
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Conclusions
To summarize, we constructed uniform PPy aerogels coated on hollow CuS hierarchical microspheres (CuS@PPy) with controllable shell thicknesses via solvothermal and self-assembled polymerization. The as-prepared core-shell-structured CuS@PPy samples showed remarkable enhancement in EA properties. As the CuS contents and filler loading ratio vary, Sample B exhibited the best EA performance. When the filler loading ratio reached 15 wt %, the minimum RL reached −52.86 dB with the thickness of 2.5 mm, and the broadest effective bandwidth was achieved when the thickness is 3.0 mm. Attenuation constant and impedance matching ratio analysis also proved that Sample B (15 wt %) had the optimal compatibility. The excellent EA properties are attributed to the moderate impedance matching and strong dielectric loss. Moreover, the multiple reflection and scatter induced by the unique hierarchal core-shell structure are also beneficial to the attenuation. As a result, the obtained CuS@PPy samples with high absorption intensity and broad bandwidth can be expected to be qualified absorbers. 
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